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There is a close relationship between the electrical properties of a cell and its 
physiological activity. By measuring the impedance of the cell we can follow 
the changes in its electrical properties continuously. Many studies have been 
done along this line and have contributed a great deal to our knowledge of cell 
physiology. The author intends, in this report, to introduce a new method of 
analysis, with which changes in the resistance of the protoplasmic membrane 
and of the cell sap of a Nitella  cell can be studied simultaneously. 
Material 
The internodal cells of Nitellaflexilis are generally 3 to 5 cm. long (sometimes 
reach above 10 can.) and 0.4 to 0.5 ram. in diameter. This size and shape are very 
suitable for studying electrical characteristics of the cell. 
A large part of the cell volume is occupied by a vacuole whicl~ is surrounded 
by a thin layer of protoplasm of about 10 #  thick and by a cellulose wall also 
about 10/~ thick. The inner and outer membranes of this protoplasmic layer 
have a higher resistance than the protoplasmic bulk between these boundary 
membranes, and are considered to be selectively permeable to ions. For con- 
venience, we call the sum of the transverse resistances of the outer protoplasmic 
membrane, protoplasmic layer, and inner protoplasmic membrane the resistance 
of  the  protoplasmic  membrane,  t  According  to  the  measurements  in  moist 
chamber, this resistance is generally 250 k~ cm. or more (B1;nks,  1930).  The 
protoplasmic  membrane  has  a  capacity  about  1.0  #f./cm?  (Blinks,  1930; 
Curtis and Cole,  1937;  Cole and Curtis,  1950) and the specific  resistance of 
cell sap is about 60 t2 cm. (Curtis and Cole, 1937). Although these resistances 
change when the constituents or concentrations of the outer medium are varied, 
the phase angle of the impedance of the protoplasmic membrane is considered 
to remain nearly constant; i.  e., 80  ° (Curtis and Cole, I937; Cole and Curtis, 
1950). 
1 Greater part of change in this resistance  may be attributed to the resistances 
of inner and outer protoplasmic  membrane.  At present,  however, we do not know 
whether it comes from the inner membrane or outer membrane or both. 
663 
~. Gzl~. l~YsIoL., 1957, Vol. 40, No. $ 
The Journal of General Physiology664  INTERNODAL  CELL OF NITELLA  ~LEXILIS 
Apparatus 
Measuring vessels which have two or three pools are made of paraffin. Each 
pool has a  platinized platinum electrode as  shown in  Fig.  1.  Between these 
pools grooves of 2 ram. in width and 4 ram. in depth are cut in line. An inter- 
nodal ceil is mounted in  this vessel through these grooves where the  cell is 
la 
lb 
FIo. 1 a, 1 b.  Vessels for measuring  the impedance of an intemodal cell of NileUa 
jlex///s. 
sealed with white vaseline. The cell can be separated in two or three parts by 
this procedure. Each pool is generally filled with 10  -~ xf KC1 solution as a stand- 
ard  solution  and  most  chemicals  are  dissolved  in  this  solution.  The  vessel 
shown in  Fig.  1 a  is used for studying the effect of chemicals on the whole 
cell, while the vessel shown in Fig. 1 b is used for studying the effect of chemi- 
cals on one part of the cell. Internodal cells are placed in  10  -s M KCI solu- 
tion at least 3 hours in advance and allowed to equilibrate before being used 
for measurements. 
Impedances  were measured  with  the  usual  bridge method as  shown  dia- 
grammatically in Fig. 2. A  frequency of 1000  cycles per second was supplied mcamo  ~Sm~OTO  665 
with an audio-frequency oscillator, with the voltage less than  10 inv., which 
produced no detectable injury in the cell. The output of the bridge circuit was 
amplified by a  four stage amplifier and led to a  cathode ray oscilloscope which 
was  used  only  as  a  null  indicator. 
Me~hod of Analys~s 
It is necessary to estimate the nmgnitude of possible errors beforehand in order 
to make measurements with such a procedure. To know the magnitude of electrical 
leakage along the cell in the groove, we must estimate the magnitude of longitudinal 
resistances of the cellulose wall and of the protoplasmic layer. After cutting the cell 
i© 
and squeezing  out most constituents, i. e. protoplasm and cen sap, we can get a cel- 
lulose wall sheath. The resistance of this sheath measured in the vessel with 10  -4 
KC1 as the external medium amounts to 3  X  106 ~  or more per cm. Although we 
have only few reliable  data about the  specific resistance of protoplasm, it can be 
estimated at 300~ cm. or more (Gelfan, 1928). Taking 10/~ as the thickness of proto- 
plasmic layer, the resistance of protoplasmic layer along the cell amounts to 2.6  × 
106 ~  or more per cm. Referring to the value of impedance ZR  =  5  ×  104 ~  as will 
be shown later, the sum of the leakages along the cellulose wall and the protoplasmic 
layer is small enough to be neglected. 
We adopted  10  -~ ~  KC1 as a  standard solution  for the  following reasons: 
(a) the resistance of the external solution is very small (a few hundred ohms) 
and therefore its possible change which might be ascribed to the ionic leakage 
from the cell is negligibly small when compared to Z~ --  5  X  104 ~. (b) With 
such a  concentration,  the  potential difference between external medium and 
I  I00o  c/s 
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cell  interior  is  almost  null  (Osterhout,  1935).  Therefore we  can  avoid  any 
possible errors due to the local potential changes; i. e., action potential, etc. 
From  these  considerations,  the  lines  of  current flow are assumed  to  pass 
through the cell as shown in  Fig. 3. Hence an equivalent circuit as shown in 
Fig.  4  can  be  taken. 
Since the length of a  cell differs generally in each pool, its contribution to 
the impedance also differs in each pool. Therefore it is necessary to distinguish 
these by adding StflYLX 1 and 2 to them. pl and p2 are the resistances of external 
solutions,  (r)l  and  (r)2  are  the  resistances  of  protoplasmic  membrane,  and 
I 
FIG. 3.  Supposed  distribution of lines  of electric  current flow through a  cell. 
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FIG. 4.  Equivalent circuit for an internodal cell of Nitella  flexilis  under experi- 
mental arrangement as shown in Fig. 1. 
(r,)l and  (r,), are the resistances of cell sap.  These are all direct current re- 
sistances and do not change their values even if the frequency of alternating 
current is varied.  On  the other hand,  (r3)l,  (r3)2, (c3)1, and  (c3)~ are the ele- 
ments  of proper impedance  of  the  protoplasmic membrane  and  are  related 
to  its ~aolecular structure.  These have definite values under a  constant  fre- 
quency,  although  they  decrease  with  increasing  frequency  (Fricke,  1932). 
Then the total impedance of this equivalent circuit can be calculated with the 
following equations: 
Z  =  Z~  -  jZx  (1) 
(,)d(,h +  (,,hI,s'(c~)/' "] 
(rh. [(r)2 +  (r,)dce(cae ]  +(,)2.  (2) 13IC~O  XlSm~toTo  667 
zx =  (,h. {~(c&-(,h}  +  (,h. {o,(c~h.  (,h}  (3) 
i +  ~(e+)~*{(rh +  (r~h}*  l +  ~'%)~{(rh +  (r+h}, 
in which ~0 is 27r times the frequency of applied voltage and j  means the square 
root of --1. These impedances are to be compared with the measured parallel 
resistance R~ and parallel capacity Cv (Fig. 2) by using equations (4) and (5). 
Z~  Rv  (4) 
1 +  orKT~Rv  2 
R,(,oCI, R,) 
zx  (s) 
1 +  ,,~7~R~* 
When  resistances  and  capacities are expressed in  specific values,  the  real 
part  and  the  imaginary part  of impedance will  be rewritten respectively as 
follows  :-- 
•  r[1 ++o~c+trs(r +r3)} 
ZR  =  p"  -1 +  (r +  r,)~2c32  +  mr,  +  qp  (6) 
r'(,+c,) 
zx  -- p.  (7) 
1 +  (r +  r,)~'ca' 
in which r is the specific resistance of protoplasmic membrane, rs and c3 are the 
specific values of the elements of the impedance of protoplasmic membrane, r. 
is the specific resistance of cell sap,  and p is the specific resistance of external 
solution, the last of which can be neglected  if we use  10  -~ ~  KC1 as the ex- 
ternal solution as in this experiment, p, m, and q are the constants which de- 
pend on the size of the cell in each pool. If we measure the impedance of the 
cell with alternating current of 1000 c/s only, the real part, Z~, is the function 
of r  and r,, while the imaginary part, Zx, is the function of r  only. These re- 
lationships  may be  well understood  if we plot  Z~  and  Zx  against r  taking 
pr~ =  25 k~ and mr,  =  30 k[2  ~ (Fig. 5). 
Assuming  (oacsr3)  * <<  1, which was justified by Curtis and  Cole (1937) and 
also ascertained by the author,  s the following approximations will be taken: 
Zu  =  prs +  mr.  (r  >  r.)  (8) 
=  pr  +  mr,  (r << r,)  (9) 
Therefore we  can  get  the  following equations: 
--=~r*  __&Z/~  (r >= ra)  (10) 
r,  ZR -  pr, 
_  AZR  -- par  (r << rs)  (11) 
ZR--pr 
2 prs and mr, cannot be determined without knowing exact values of rs, r+, p,  and 
q. Referring to the measured values of impedances Z/~ and Zx  and to the experiment 
on osmosis, however, these values can be regarded as appropriate ones. 
s Phase angle of the membrane impendance  is about 72  ° in this experiment when 
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When Ze is 50 kf~ or more, it is nearly  constant  against  changes in  the re- 
sistance of the protoplasmic membrane (r). In other words, Ze can be regarded 
as the function of ro only (Equation 10). But Ze depends also on the resistance 
of the protoplasmic membrane in the case when the latter decreases consider- 
ably (Equation 11,  Fig. 5). 
On the other hand, the relation between Zz and r is shown as follows:-- 
~//1  Zz  (r ~ r:)  (12) 
=  t//Z-~c  '  (r<<rO  (13) 
Therefore we  can get  the following two  equations:' 
Ar  1  I  .AZ  x 
~  . 
r  2  l_~C_,.Zz  ez 
P 
(r  ~  r~)  (14) 
=  +  ~  -  1  (, << ,.)  (is) 
Since Zn and Zz can be calculated from the measuredR~ and C~ with equa- 
tions  (4)  and  (5),  we can calculate the changes in the resistance of cell sap 
and protoplasmic membrane with equations  (10),  (11),  (14),  and  (15)  when 
the  cell  is  subjected  to  different  physiological  situations. 
RESULTS 
To  provide  experimental  evidence  in  support  of  the  analysis  introduced 
above, experiments were done first on the problem of osmosis. Later, the effects 
of some fat solvents on the cell were studied as an application of the method. 
Osmosis (TransceUular).--When  a cell is divided into two parts with a vessel 
as shown in Fig.  1 and the concentration of the external solution around one 
part is made osmotically higher with sucrose than around the other part, water 
enters the cell at the water side, passes along inside the cell, and escapes at 
the sucrose side (Osterhout,  1949;  Kamiya and Tazawa,  1956). Being carried 
by water, ions and molecules are observed to accumulate in the vacuole at the 
sucrose side (Kamiya and Kuroda,  1956).  Therefore resistance changes in the 
cell sap and possibly in the protoplasmic membrane on both sides of the cell 
'o~c4/p in Equation 14 is 1.26 X 10-5.f~  -l, if we take pr: =  25 k9 and ~c~': =  1/tg 
72  °  ~- 0.316. This equation can be applied when AZx/Zx << 1. If Zx changes greatly, 
the following equation should be used. 
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are to be expected. During this process the volume changes of the cell at both 
sides are, if any, small enough to be neglected. 
This process,  "transcellular osmosis," was observed with different concen- 
trations of sucrose, i. e. 0.1, 0.2, 0.3, 0.4, and 0.5 ~  in 10  -~ ~  KC1, the results 
of which are shown in Fig. 6a, b, c, d, and e. A sucrose solution of 0.3 ~  or more 
is concentrated enough to induce plasmolysis if applied to the whole cell, the 
osmotic pressure of which corresponds to 0.29 ~  sucrose, However, it does not 
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RESISTANCE  OF:  PROTOPLASMIC  MEMBRANE 
Fro. 5. Impedances,  Z~ and  Zz, which are expressed with equations (6) and  (7) 
are plotted against  the  resistance  of the  protoplasmic  membrane,  r.  Parameters, 
~'s and mr,, are taken 25 k~ and 30 k~ respectively. 
bring about plasmolysis if it is applied to a  part of the cell,  as in our experi- 
ment.  It only brings about accumulation of ions or molecules in one part of 
the vacuole. Since protoplasmic streaming is considered to be a  good measure 
of the vitality of plant cells, observations on this were made during the measure- 
ments. The protoplasm keeps on streaming  under  transcellular osmosis  with 
sucrose solutions as high as 0.5 •,  but it is no longer as vigorous as with lower 
concentrations. It recovers its vigorous streaming  if the external medium is 
replaced with the initial 10  -2 ~  KCI. The phenomena such as the contraction 
of chloroplasts or formation of "splits" in  the chloroplast layer, as reported 
by Osterhout  (1948),  were not found in  the process of transcellular osmosis. 670  INTERNODAL  CELL  OF  NITELLA  FLEXILIS 
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FIG. 6.  Time  courses of changes in  the  impedance  during  transcellular  osmosis. 
In these figures real part, Zs, and imaginary part, Zx, of the impedance are plotted as 
ordinate against time in minutes as abscissa, a, b, c, d, and e correspond to the cases 
of osmotic gradients of 0.1, 0.2, 0.3, 0.4, and 0.5 mole with sucrose solution respec- 
tively. Cases (I) to (V) correspond/:o the processes explained in the text. No osmosis 
occurs in  (I). Endosmosis occurs at the cell part where its impedance is measured; 
i.e., at (B, C) side,  in cases (II) and (V). Exosmosis occurs in cases (III) and (IV). 
At 25°C. tr~cmao  r,  rmm~oro  671 
However, if the sucrose solution is too concentrated, harm will be done to the 
cell  because  ions  or  molecules  inside  the  vacuole  may  be  exhausted  at  one 
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half of the cell  due to water transport. In such a case formation of "splits"  in 
the chloroplast layer is actually observed. 
The measurements were made by applying 10  -2 ~r KC1 and 10  -2 M KC1 -t-  n  ~r 
sucrose solution to the three pools, A, B, and C, in the manner shown in Table I. 672  INTER_NODAL CELL OF  N1TELLA FLEXILIS 
TABLE I 
(A) 
(B, C) 
10  -~ ~  KCI 
10  ~  xt KC1 
H 
10  -~ ,J KCI 
"~ nM SU- 
crose 
10  -~ M KC1 
III 
10  -~ it KCI 
10  -~ K  KC1 
IV 
10  --~ ~t KCI 
I0-~ u  KC1  +  n 
M sucrose 
10  "~ M KCI 
10  -~ ~  KCI 
(I)  When there is no difference between  the osmotic drives at (A) and at (B, C), across 
the protoplasmic  membrane, no detectable changes in ZR and Zx are found, since there occurs 
no water transport through the cell. 
(II) When the external solution at  (A) side is higher osmotically than at  (B, C)  side, 
osmosis occurs through the cell. Water enters the cell at (B, C) side, passes inside the cell, 
and goes out at (A) side. During this process ions and molecules also move with the water. 
This process continues until a  steady state is attained, where the amount of osmotic drive 
across the protoplasmic membrane at (A) side becomes equal to those of (]3, C) side. Both 
Z~ and Zx increase during this process and approach steady values. 
(Ill) When the external solution at  (A) side is replaced with its original 10  -~ ~  KC1, 
ions and molecules accumulated in the vacuole  at (A) side at the last stage of the process 
(II) bring about a greater osmotic drive across the membrane at (A) side than at (B, C) side. 
Therefore water enters the cell at (A) side and goes out at (B, C) side. During this process 
ZR and Zx decrease  down  to certain steady values. 
(IV) This is just the opposite process to (II). External solutions at (B, C) side are re- 
placed by sucrose solution. In this case water enters the cell at (A) side and goes out at (B, C) 
side. The amounts of decreases of ZR and of Zx are less than the increases observed in (II). 
(V)  External solutions are again replaced by the original 10  -t ,i KCI solution.  Both Z~ 
and Zx increase and regain their initial values gradually. 
As for the magnitude of water transport and its velocity under transcellular 
osmosis,  detailed experiments  and  calculations were  carried  out  by  Kamiya 
and  Tazawa  (1956).  Solute  transport  during  transcellular osmosis  was  also 
measured by Kamiya and Kuroda (1956). As for the magnitude of transported 
solutes, we can make the following rough calculation assuming that  ions and 
molecules move with water and do not pass through the protoplasm and that 
sucrose does not enter the cell. These assumptions may be made as a  first ap- 
proximation according to the experiments carried out by Kamiya and Tazawa 
(1956)  and Kamiya and Kuroda  (1956).  Taking the length of one half of the 
cell subjected to n  molar sucrose as/1 can. and another  half as 12 cm.,  we can 
calculate the  decrease in  concentration  of solutes, AC,  within  the  latter half 
of  the  cell at  a  steady  state  where  osmotic  drives  across  the  membrane  at 
both  sides of the  cell are  equal.  The  condition at  such  a  steady state  is ex- 
pressed  as  follows:-- 
=  (0.29 +  :~AC~ -  (0.02 +n)  (16)  (0.2o- AC) ~  0~02 mCHmO  Xlsn-rMoTo  673 
In this equation,  0.29  means  the  original osmotic equivalent  of the  cell sap, 
which was determined with the ordinary plasmolysis method and 0.02  corre- 
TABLE II 
Osmotic  pressure  difference  between  A and 
OB~C~a~i&, 
At A side  Length of ceil,  tara.  At 08, C) side (added) 
Changes  in concentration of cell sap at (13, 
C) side, AC, molar.  Calculated with equa- 
tion (17) 
Expected  changes m resist- 
ance of cell sap at  (B, C) 
ride,  per  cent,  calculated 
with equation (18) 
Endosmosis 
Exosmosis 
Real part of the im. 
pedance, ZR,  kilo 
ohms 
Imaginary part of 
the impedance, 
Zx, kilo ohms 
I  0.1  0.2  0.3  0.4  0.5 
11.0  8.5  19.0  15.0  17.0 
15.0  16.0  24.0  14.5  17.0 
0.04  0.07  0.13  0.20  0.25 
-{-15.5  ÷31.5  ÷81.5  ÷222.0  ÷615.0 
--12.8  --19.3  --31.5  -40.1  --46.3 
Endosmosis  Initial  49  40  52  50  61 
Final  52  47  74  92  125 
Exosmosis  Initial  50  42  60  54  70 
Final  49  35  45  35  55 
Endosmosis  Initial  8.2  6.8  8.8  8.0  8.5 
Final  8.4  7.4  10.5  16.4  22.0 
Exosmosis  Initial  8.0  6.9  9.1  8.4  9.3 
Final  8.0  6.5  8.0  7.4  6.6 
Endosmosis  ÷12.5  ÷46.7  ÷81.5  ÷168.0  ÷177.5 
Exosmosis  -4.0  -35.3  -37.1  -58.7  -21.4 
Endosmosis  ÷1.36  ÷4.81  ÷10.95  ÷58.4  ÷89.7 
Exosmosis  0.0  -3.18  --6.83  --6.67  -16.4~ 
Changes  in  resistance  of 
cell sap, Ara/rs, per cent, 
calculated  with  equa- 
tions (I0) and (11) 
Changes  in  resistance  of 
protoplasmic membrane, 
At/r, per cent, calculated 
with equations  (14) and 
(1~3 
sponds to the osmotic equivalent of 10  -s ~  KC1  solution.  From this equation 
we can calculate AC very easily. 
~c ffi ~  (17) 
1÷~ 
Ass~lming that  the specific resistance of cell sap (r,)  is reciprocally proper- 
tional to  its concentration  of  ions  (C),  the  change  in  resistance  can  be  cal- 674  INTERNODAL  CELL OF NITELLA ]~LEXILIS 
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process of exosmosis and right half corresponds to the process of endosmosis. Changes 
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here. At 25°C. 
culated from the change in the solute concentration of the cell sap with the 
following  equation: 
~ro  I 
....  1.  (18) 
Ac 
r,  l+--C- 
Accordingly we  can  compare the  impedance  measurements  with  the  cal- 
culations given above at steady states.  The results under transcellular osmosis 
with 0.1, 0.2, 0.3, 0.4, and 0.5 •  sucrose are listed in Table II. 
Changes  in  the  resistance  of cell sap  and  of protoplasmic membrane  are 
plotted  against the  different concentrations  of  sucrose  in  Fig.  7,  where  the 
expected changes in resistance of cell sap calculated with equation (18) are also 
added.  The agreement between experiments and  calculations is  satisfactory 
except in the case of 0.5 M sucrose when water goes out of the cell,  and above 
0.4 ~  when water enters the cell. Kamiya and Kuroda (1956) also found that 
the osmotic pressure of the vacuole of the cell does not change as much as ex- mCHmO  r~SHn~OTO  675 
pected from equation (17) when concentrated sucrose (0.4 or 0.5 ~) is applied 
to  the  cell.  When  the ionic concentration of cell sap  decreases greatly, ions 
might be freed from the protoplasm, resulting in the decrease of the electric 
resistance of cell sap. On the other hand, when the ionic concentration of cell 
sap  increases greatly,  ions may escape to  some  extent from the  cell during 
exosomosis. In such cases the calculated changes of the ionic concentration of 
cell sap from equations (17) and (18) will contain some errors. Actually it was 
often observed that  the  steady state  of the resistance change attained with 
sucrose especially at 0.4 or 0.5 ~r does not last long. After 30 minutes or more, 
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FIG. 8.  Changes in resistance of the protoplasmic membrane are plotted as ordinate 
against changes in resistance  of cell sap as abscissa. This curve is redrawn from  the 
data in Fig. 7. At 25°C. 
the increased resistances of cell sap and of protoplasmic membrane  begin  to 
change, in a  pattern which is generally not simple.  This is to be understood 
by assuming  that  some  effects, sometimes irreversible, occurred in  the  cell. 
Anyway it can be concluded that the resistances of cell sap and of protoplasmic 
membrane both increase at the part of the cell where water enters, while they 
decrease at the part of the cell where water goes out. 
Plotting the change in resistance of the protoplasmic membrane as ordinate 
against  the change in resistance of cell sap  as abscissa,  we find a  correlation 
between them as shown in Fig. 8. The resistance of the protoplasmic membrane 
changes almost proportionally with the resistance of cell sap  up to a  certain 
value (100 per cent increase of r,). Beyond this, it increases more rapidly than 
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Alcohols.--According to  the permeability theory of narcosis,  narcotics de- 
crease the excitability of a cell by decreasing membrane permeability. Inasmuch 
as impedance measurements can be used as an indication of the permeability of 
the protoplasmic membrane to ions, reinvestigations concerning this problem 
are introduced here. 
The effects of ethanol are studied in  this report as a  representative case, 
because the effects of other alcohols or other fat solvents on the cell are quali- 
tatively very similar. Changes in the resistances of the protoplasmic membrane 
and of cell sap under different concentrations of ethanol are shown in Fig. 9. 
The concentration of ethanol is expressed in volume per cent in 10  -~ M KC1 
solution. When concentrations are not too high (e. g. 2 per cent, 4 per cent, 8 
per  cent),  the  resistance  of the  protoplasmic membrane decreases about  l0 
to 20 per cent at the beginning and after that increases gradually 20 per cent 
or more above its initial value. On the other hand, only slight increases in the 
resistance of cell sap can be observed. Alcohols, with these concentrations, do 
not harm  the  cell. These resistances recover their original values gradually, 
when external media are replaced with  10  -2 x~ KC1.  When ethanol of higher 
concentration is applied to the cell, a different type of change in the resistance 
of the protoplasmic membrane is observed. With  10 per cent ethanol the re- 
sistance  of the  protoplasmic membrane decreases almost  100  per cent,  irre- 
versibly, with a  very complicated time course (a kind of damped  oscillation 
(Fig.  9)). The resistance of cell sap,  on the other hand,  shows only a  slight 
increase  at  the  beginning  and  increases  greatly thereafter.  The last  step  of 
this process, namely, the large decrease in resistance of the protoplasmic mem- 
brane and increase in resistance of cell sap shows that the membrane becomes 
fully permeable to ethanol and other solutes. The resistance of cell sap increases 
gradually to the value (i. e. several hundred kilo ohms or more) which is pre- 
sumably attained when ethanol and cell sap are freely mixed with each other 
through the protoplasmic membrane.  Protoplasmic streaming ceases and the 
turgor of the cell is lost completely, indicating the death of the cell. When the 
cell is subjected to more concentrated ethanol, for example 20 per cent or more, 
oscillatory changes in resistance of the protoplasmic membrane are no longer 
detected  clearly.  They are  completely masked  by  its  rapid  irreversible de- 
crease. This process, however, does not differ essentially from the case of 10 
per cent  ethanol except that  the time course is rapid. 
When ethanol is applied to a half of the cell, some different types of changes 
in these resistances are observed. As an ethanol solution of a  few per cent is 
osmotically higher than 10  -2 M KC1, it is to be expected that water enters the 
cell at 10  -2 ~  KC1 side and goes out of the cell at the ethanol side as was de- 
scribed in the paragraph on osmosis. The changes in resistance of the proto- 
plasmic membrane and of cell sap at the ethanol side are shown in Fig. 10. In 
the  case of 4  per cent ethanol the resistance of the protoplasmic membrane % 
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decreases about  10 per cent  at  the  beginoing,  which  may correspond to the 
exit of water through the membrane. After this, the resistance increases about 
20 per cent, which may correspond to the narcotic effect of ethanol upon the 
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membrane. This process,  however, does not  last long;  L  e.,  the  resistance of 
the protoplasmic membrane decreases rapidly and irreversibly about  100  per 
cent. At this stage ethanol is considered to have entered the cell and to have 
injured it. The resistance of the cell sap, on the other hand,  increases slightly 
at the beginning and greatly later after a  short period of decrease. With much mcmRo 1as~n~oTo  679 
higher concentrations (i. e. 20 per cent or more), the time course of the changes 
in these resistances is much faster than with lower concentrations, though the 
process is similar. 
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The effects of homologous series of alcohol, i. e. methanol, ethanol, propanol, 
and butanol, on the cell are compared in Fig.  11. These are all applied to the 
whole of the cell at a  concentration of 4 per cent. Methanol, ethanol, and pro- 
panol increase the resistance of cell sap only slightly and increase the resist- 680  INTERNODAL  CELL OF NITELLA  FLEXILIS 
ance of the protoplasmic membrane about 10 per cent. Butanol, however, harms 
the cell at the same concentration. Irreversible decrease of the resistance of 
the protoplasmic membrane and irreversible increase of the resistance of the 
cell sap are also observed here as in the case of concentrated ethanol. The time 
course of the resistance change of the protoplasmic membrane is not smooth 
but  is  generally  undulatory. 
DISCUSSION 
The impedance of a  cell can be calculated, generally, from the parallel re- 
sistance P~ and parallel capacity Cp with the alternating current Wheatstone 
bridge method. As is made clear with the analysis introduced in the report, 
changes in the resistance of the protoplasmic membrane and of cell sap are 
related to the impedance by equations (10),  (11),  (14),  and (15).  These equa- 
tions were deduced on several  conditions: in addition to  the favorable size 
of the cell and its negligible size change, the phase angle of the impedance of 
the protoplasmic membrane is large enough to assume (~8r8) ~ << 1, and the 
electric leakages along the cell wall and protoplasmic layer are negligibly small. 
If these conditions are satisfied, this analysis may also be applicable to other 
biological materials. However, when the resistance of cell sap increases and 
that of the protoplasmic membrane decreases greatly (i. e. under harmful con- 
ditions),  the electric leakages along cell wall and protoplasmic layer cannot 
be neglected. Therefore, in such a case the analysis is no longer accurate but 
underestimates the change in these resistances 10 per cent or more. 
Under  "transcellular osmosis," resistances of the protoplasmic  membrane 
and of cell sap increase at the part of the cell where water enters (i. e. endosmo- 
sis) and decrease where water exists (i. e. exosmosis). The change in resistance 
of the membrane is proportional to that of cell sap as long as the amount of 
the change in the resistance of cell sap is not great. The resistance of the mem- 
brane, however, increases more than that of cell sap when the latter increases 
beyond about 100 per cent (as shown in Fig. 8). It is well known that the re- 
sistance of the membrane decreases considerably when the cell is in a  concen- 
trated  ionic  solution such  as potassium  chloride.  Although in  our  case  the 
concentration of the interior of the cell, not of the exterior solution, is forced 
to  change,  the resistance of the protoplasmic membrane shows a  similar re- 
sponse to change in concentration of the solution in contact with it. In the case 
of electric current flow across the protoplasm, the resistance of the squid axon 
membrane increases under the anode, and decreases under the cathode where 
cations such as potassium ions are considered to accumulate (Cole and Baker, 
1941). The situation is very similar to our case except for the difference in the 
flowing medium  (namely, water or electric current).  Referring to  these  re- 
sults, the greater part of the resistance change of the membrane under trans. 
cellular osmosis may probably be brought about by the change in the ionic 
concentration  of  cell  sap. ~CH~O KISmMOTO  681 
Alcohoh are well known as narcotics for nerve and other cells. According to 
the permeability theory of narcosis,  narcotics  suppress  the exdtability of a 
cell by decreasing  ionic permeability or preventing its increase  (Heilbrunn, 
1952; Johnson, Eyring, and Polissar, 1954). Bozler and Cole (1935), Dubuisson 
(1937), Guttman (1939), and Fessard and Kohler (1951) studied the impedance 
of muscle cells and obtained results supporting this theory. Although a single 
pLant cell, Nitdl~ flexilis,  was used  in our case, its electrical  properties  are 
very similar  to those of nerve or muscle  cells except  for the slowness of its 
response  to  stimulus  (Osterhout  and  Hill,  1930, 1935; Blinks,  1930,  I936; 
Cole and Curtis,  1938). Alcohols or other fat solvents prevent the conduction 
of the action current of this cell (Osterhout  and Hill,  1930). 
When the  cell  is  subjected  to  alcohols of lower  concentration,  an initial 
decrease and Later increase in resistance of the protoplasmic  membrane can be 
observed.  Such phenomena occur  not only with alcohols but with other fat 
solvents,  i.  e.  acetone,  ether,  chloroform,  etc.  Numerous investigators have 
shown a preliminary increase in the irritability of nerve or muscle ceils follow- 
ing treatment with narcotics  (Heilbrurm,  1952). Initial decrease in resistance 
of the protoplasmic  membrane seems to correspond  to this stimulating effect 
of narcotics.  The following increase in resistance of the membrane corresponds 
to  the  narcotic effect  of these  fat solvents.  Non-propagation of the action 
current under the influence of narcotics  might be due to the inability of the 
protoplasmic  membrane to induce enough  excitation at the adjacent part of 
the cell, on account of the resistance increase of the membrane,  or to a rise of 
the threshold value at that part of the cell. 
Rapid and remarkable decrease in the resistance of protoplasmic  membrane 
under the effect of concentrated alcohols is  an irreversible  one, which corre- 
sponds to the injury done to the cell. Therefore this process should be strictly 
distinguished  from the  reversible  processes  which  are  detected as  the  pre- 
liminary decrease or subsequent increase in the resistance of the protoplasmic 
membrane. 
The  author  desires sincerely to  acknowledge his indebtedness to Professor N. 
Kamiya for his valuable criticism and encouragement. 
S~Y 
Impedance changes of single plant cells of Nitellaflexilis  were studied under 
different environmental conditions. 
With the analysis presented  changes in resistance of the protoplasmic  mem- 
brane and of cell sap can be studied independently and simultaneously. 
Under "transcellular osmosis," the resistance of the protoplasmic  membrane 
and of the cell sap increase at the part of the cell where water enters,  while 
they decrease where water goes out. 
Ethanol of low concentration (below 8 per cent)  first  decreases  and later 
increases the resistance  of the protoplasmic  membrane.  Concentrated ethanol 682  INTERNODAL  CELL  OF  NITELLA  ~LEXILIS 
(over 10 per cent), however, brings about a large decrease in resistance of the 
protoplasmic membrane. Its time course is not simple, but undulatory changes 
occur. 
When ethanol is applied to one part of the cell, the resistance of the proto- 
plasmic membrane shows a different type of change, which may be attributed to 
the local osmotic effect of ethanol; injury generally occurs with comparatively 
low concentration. 
Methanol, ethanol, and propanol have almost the same effect upon the cell, 
while butanol is toxic at the same concentration. 
When the cell dies, the resistance of the protoplasmic membrane decreases 
greatly, while the resistance of the cell sap increases to a level (several hundred 
kilo ohms or more),  expected when external solution and cell  sap are freely 
mixed with each other. 
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